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Abstract 
 
To investigate vortex states in exfoliated Bi2Sr2CaCu2O8+y high-Tc superconductor with and without micro-hole arrays, the in-plane 
resistance in the vortex states has been measured. In exploration of vortex-lattice melting transition in pristine films, signs of the 
transition have been successfully found in the films as thin as a few hundred nm. A comparison of irreversibility lines in both 
samples indicates that influence of artificial micro holes is masked at low temperatures due to the native residual pinnings. 
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1. Introduction 
  
After the discovery of the high-Tc cuprate superconductors, the fundamental properties on vortex phases, e.g. the 
first-order melting transition of vortex lattice, have been revealed by extensive researches. One of the next issues 
relevant to the vortex system is how to artificially control the vortex states and its dynamics toward getting deeper 
insight on the vortex physics and explorations of their possible applications. Films of conventional superconductors 
have been mainly used to investigate the influence of artificially-introduced pinning centers, i.e. micro holes or 
magnetic dots, on vortex states [1-3]. In general, a regular array of pinning centers, such as square, rectangular or 
triangular arrays, induces matching effects, which are normally observed as enhancements of vortex pinning in the 
integer multiples of H1 in various experiments: vortex-flow resistance, critical current, magnetization and so on. Here, 
H1 is the first matching field where the density of vortices coincides with that of pinning centers. 
We have focused on vortex states in Bi2Sr2CaCu2O8+y (Bi2212) single crystals with micro-hole arrays because it is 
very intriguing to study the effects of the artificial pinnings for the case of the high-Tc superconductors due to the large 
thermal fluctuations by their two dimensionality and high transition temperature. Bi2212 crystal has an advantage that 
thin films of single crystal are easily available only by a repeat of cleaving.  Actually, we have readily prepared 
exfoliated thin films with several hundred nm in thickness [4-7] and much thinner films by this method have been 
fabricated and characterized by Wang et al. [8]. Utilizing exfoliated Bi2212 films with micro holes, we have already 
found some unique features on the vortex system, which are integer matching effect in vortex liquid phase [4,5], 
fractional matching effect [6], and anomalous enhancements of the irreversibility lines [7]. Besides the artificial pinning, 
however, it is non-trivial whether the vortex states in pristine thin films are the same as those in bulk crystals since the 
vortex-vortex interaction is modified in films thinner than the magnetic penetration length [9].  
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In present study, we have first explored the first-order melting transition in thin films, which has not been reported 
so far to our knowledge. Then, to extract only the influence of the artificial periodic potentials on vortices, both 
irreversibility lines of Bi2212 films with and without the micro-hole array have been compared. 
 Fig. 1. (a) Temperature dependence of the in-plane resistivity of an exfoliated Bi2212 thin film (sample A), directly attached on SiO2 substrate. The 
inset shows an optical image of sample A with four Au electrodes. (b) SIM image of a typical Bi2212 thin film sample with a micro-hole array. 
Experimental 
High-quality single crystals of Bi2212 were grown by the traveling-solvent floating-zone technique [10]. To 
fabricate film-like thin single crystals with electrodes, we prepared them by two different processes. One is so-called 
Scotch-tape method, which has been used for the preparation of graphene and also Bi2212 [8]. After the repeat of 
cleaving by two tapes, thin flakes on the tape were put on SiO2/Si substrate without any glues. Soon after that, Au 
electrodes with the thickness of several tens of nm were evaporated on the sample through a metal mask. An optical 
microscope picture is shown in the inset of Fig. 1. We expect that this process is gentler for samples because of no 
exposure on any chemicals and ion beams. The thickness of this sample was 150nm evaluated by a surface profiler. The 
length between the voltage electrodes and the average width were roughly 115 and 140 m, respectively. Figure 1(a) 
shows temperature dependence of the in-plane resistivity of this sample, where T-linear dependence characteristic in 
high-Tc superconductors is observed. The superconducting transition temperature was nearly 88 K. We refer to this 
sample as ‘sample A’ below. 
On the other hand, the other samples were first fixed by polyimide glue on the substrate and then cleaved repeatedly 
by the tapes. After the coverage by Au evaporation, the shapes of samples were trimmed by the photolithography and 
Ar-ion milling processes for 4-terminal electrical transport measurements. Sample B, C, and D were prepared by these 
processes. To compare the influence of artificial pinnings upon the vortex system, a micro-hole array was introduced 
only into sample D using focused Ga+ ion beam (Hitachi FB-2100). The used dose amount was enough to mill the 
Bi2212 crystals 400nm in depth. The pattern of micro-hole array is a triangular lattice of 1 m lattice constant. The 
diameter of the holes is about 120 nm. An image of a typical sample by the scanning ion microscope (SIM) is shown in 
Fig.2. In electrical transport measurements, Keithley 6430 current source and Keithley 2182A nano-voltmeter were 
used. The magnetic field was applied perpendicular to the ab-plane.  
3. Results and discussions 
To explore the vortex lattice melting transition in thin-film Bi2212, we first tested sample A prepared by the Scotch 
tape method. Temperature dependence of in-plane resistance (R-T) in low magnetic fields just below Tc is shown in Fig. 
2. The applied current density is 480 A/cm2. To reduce noise in the measurements, several hundreds of data readings 
are averaged for one point. Although we have not observed a jump of resistance to zero resistance, which is expected to 
be accompanied by the melting transition, a slight change of slopes is found in the all fields shown in Fig. 2. The 
temperatures of the slope change are plotted as a function of magnetic field in the inset of Fig. 2 with a curve of 
decoupling transition Hd=H0·(Tc/T-1), which is in good agreement with the melting transition in Bi2212 [11]. Data well 
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coincide with this fitting curve of the parameters H0=350 Oe, and Tc=89.2 K. Thereby, the observed slope change of 
sample A is probably a sign of the melting transition. Although the reason why offsets of resistance still remain even 
below the melting temperature is unclear, it has to be confirmed if this is intrinsic property or not in thin crystal of 
Bi2212 by a systematic study of the thickness dependence in future. 
On the other hand, clear resistive jumps in R-T measurements appeared in sample B, whose thickness is about 360 
nm, in narrow range of magnetic fields from 9 to 16 Oe, while in the observations of bulk crystals, the resistive jumps 
which manifest with the melting transition have emerged in much wider field range [12]. Since the resistive jumps in 
Bi2212 occur at very low resistance, the noise level of our experiments might be not efficiently small to detect them 
completely. Current dependence of R-T curves in a fixed magnetic field is shown in Fig. 3(a). With increasing the 
applied current, gradual increase of resistance below the resistive-jump temperatures makes the shape of jump obscure. 
The resistive-jump temperatures considered as the melting temperatures (Tm) are plotted in Fig.3(b) as a function of the 
applied current. It is almost constant up to a high current density of 10kA/cm2, which is consistent to the other 
observation (j  250A/cm2) in bulk [13], and contrast to the case of force-free configuration where the current is applied 
parallel to the c-axis [14]. 
Fig. 2. Temperature dependence of electrical resistance in sample A in low magnetic fields ranging from 11.7 to 23.7 Oe by an increment of 1.2 Oe. 
For clarity, temperature axis for each data is shifted by 1 K. The arrow shows a possible melting point in the thick solid curve, where a change of 
slope can be observed in this logR-T plot. The dashed line is a guide to the eye for an indication of the slope at the low temperature side. The inset is 
a plot of the extracted melting points in H-T diagram, which can be reasonably fitted by the decoupling model. 
Fig.3. (a) Temperature dependence of electrical resistance of unperforated Bi2212 film (sample B) in 11.9 Oe with various applied currents from 
100 to 700 A. Each data is horizontally shifted by 1 K for clarity. Solid circles show data for 300 A, where the arrow points a jump of resistance 
indicating the vortex lattice melting transition. (b) Melting temperature of vortex lattice as a function of the applied current density extracted from 
R-T data including them in (a). 
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 Fig.4. Irreversibility lines of Bi2212 thin films with and without the micro-hole array (sample D and C) indicated by the open circles and the solid 
line, respectively. The dotted line is temperature dependence of ±H1·Ns with parameters of r = 60nm and (T)= 0/(1-T/Tc)1/2, 0 = 2nm. 
As shown above, we have successfully observed the vortex-lattice melting transition by the in-plane resistance 
measurements in the crystal thickness down to a few hundreds of nm. Finally, to study the influence of artificial pinning 
array, we compared the irreversibility lines of both a no hole sample (sample C) and a sample with the micro-hole array 
(sample D). Figure 4 shows the irreversibility lines extracted from a series of R-H curves at various temperatures using 
a resistance criterion of 50 . There are clear enhancements of the irreversibility line below ~100 Oe by the 
introduction of micro-hole array including a prominent feature in the integer matching fields n·H1, here n is integer and 
H1 is 23.9 Oe for this sample. Interestingly, below ~76 K both irreversibility lines coincide, indicating that the micro-
hole array does not work as effective pinning centers below this temperature. Additionally, a fitting using saturation 
number Ns=r2/( +2r· ) [15], which is an estimation of maximum number of vortices entering in a single hole, 
shows larger discrepancy at lower temperatures as seen in Fig.4. Here, r is the radius of the hole and is the 
temperature dependent superconducting coherence length. Probably, this is because the irreversibility lines at low 
temperatures are dominantly determined by the quenched disorders existing naturally, like excess oxygens and 
imperfections of crystal, rather than artificial pinning centers. Meanwhile, the saturation number is a useful measure to 
roughly estimate the irreversibility line at high temperatures and in low fields for samples having a micro-hole array. 
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